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METHOD AND SYSTEM FOR IMPROVING
THE EFFECTIVENESS OF ARTIFICIAL
JOINTS BY THE APPLICATION OF GAS

CLUSTER ION BEAM TECHNOLOGY

CROSS REFERENCE TO RELATED
APPLICATTONS

This application claims priority of U.S. provisional appli-
cation Ser. No. 60/289,737 entitled “Method and System for
Improving the Effectiveness of Artificial Hip Joints by the
Application of Gas Cluster Ion Beam Technology™, filed
May 9, 2001, the provisional application being incorporated
herein by reference.

FIELD OF THE INVENTION

This invention relates generally to medical devices such
as artificial jomnts and, more particularly to a method and
system for reducing wear 1n artificial joints using gas cluster
ion beam technology.

BACKGROUND OF THE INVENTION

Joint replacement, or arthroplasty, 1s a surgical procedure
in which the diseased parts of a joint are removed and
replaced with new, artificial parts. Presently, these artificial
joint components are being produced from improved mate-
rials such as highly cross-linked polyethylene, metal-on-
metal, and ceramic-on-ceramic. After the joint replacement,
osteolysis 1s a major problem and 1s believed to be due to an
inflammatory process brought on by particulate matter or
debris dislodged from the implants themselves. In total hip
replacements for example, some degree of osteolysis 1s
present 1n up to 40% of all cases within 10 years of surgery.

Healthy animal joints have an extremely low coefficient
of friction and little wear due to cartilage and natural
lubricants (e.g. body fluids) formed between joint compo-
nents. Such minimal friction 1s difficult to achieve with
engineered artificial joints. One problem that contributes to
increased wear 1n artificial joints 1s a lack of sufficient
lubrication between contact surfaces of the implant. The
resulting friction produces wear debris that 1s an 1important
contributor to pathologic tissue response. Therefore, the
long-term threat to component failure from a biologic stand-
point 1s this increase 1n wearing debris associated with
osteolysis from a lack of sufficient lubricating matter
between surfaces of the implant. The critical initiating
sequence mvolves the interaction between small particulate
materials and responding specialized cells that causes
destruction of the bone surrounding the implant and loos-
ening of the implant. The number, size, distribution, and
type of particulate material are also believed to have an
cifect on the process.

Designing patterns of channels, cavities or a combination
therecof at the contact surface of an 1mplant provides a
mechanism to contain an increased volume of lubricating
material at the point of contact between implant compo-
nents. Previous attempts to produce such patterns have used
monomer 10on beam methods. These monomer 10n beams
produced deep trenches with rough edges that resulted in

increased wear debris as particulate matter from the rough
edges flaked off.

In general, surface roughness of artificial joint compo-
nents can also increase friction between the contact surfaces
of the implant and can attribute to wear debris. However,
surfaces of artificial joint components having patterns for
lubrication purposes are inherently irregular and non-planar
and can be difficult to smooth using conventional processing
techniques.
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Any particulate debris from implanted joints can cause
undesirable tissue reaction as well as promote accelerated
wearing out and failure of the implants themselves.

It 1s therefore an object of this i1nvention to provide
surface patterning on artificial joint components to provide
a more consistent level of lubricating matter between the
wearing surfaces.

It 1s another object of this invention to provide smoothing
of a patterned artificial joint component surface.

It 1s a further object of this invention to provide surface
modification of artificial joints by gas cluster 1on beams to
alleviate the problems associated with component wear and
osteolysis.

SUMMARY OF THE INVENTION

The objects set forth above as well as further and other
objects and advantages of the present invention are achieved
by the mvention described hereinbelow.

Several factors have been suggested to minimize the
production of wear debris: (1) femoral heads with highly
polished cobalt alloy or polished ceramics are believed to be
advantageous 1n minimizing effects of wear on the polyeth-
ylene surfaces of the acetabular cups; (2) new highly cross-
linked polyethylene acetabular cups are gaining some
increased surgical use as a means of decreasing wear and;
(3) hard-on-hard implants such as metal-on-metal and
ceramic-on-ceramic 1mplants are expected to reduce wear

debris.

Regardless of the materials used in the artificial joint
designs, the present invention applies gas cluster 1on beam
(GCIB) technology in order to modify the component’s
surface, thereby substantially reducing wear debris, osteoly-
sis complications, and accelerated wear failure. The
approach of the surface modification comprises an atomic
level surface patterning utilizing GCIB to apply a predeter-
mined pattern to the surface(s) of the joint implant and create
a new surface configuration that will promote lubricating
matter between the implant surfaces to reduce frictional
wear at their interface.

A reduction in component wear debris by GCIB pattern-
ing on any surface of a joint prosthesis reduces accelerated
wear failure and osteolysis that results 1n a substantial cost
savings to the healthcare system, and reduces patient pain
and suffering.

For a better understanding of the present invention,
together with other and further objects thereof, reference 1s
made to the accompanying drawings and detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of a gas cluster 1on beam
processing system of the present invention;

FIG. 2 1s an exploded view of a portion of the gas cluster
lon beam processing system showing the workpiece holder;

FIG. 3 1s an three-dimensional atomic force microscope
image showing the surface of an artificial joint component
after mnitial GCIB processing;

FIG. 4 1s a two-dimensional atomic force microscope

image showing the surface of an artificial joint component
after further GCIB patterning; and

FIG. 5 1s a three-dimensional atomic force microscope
image of the surface of FIG. 4 showing the surface of an
artificial joint component after further GCIB patterning.

DETAILED DESCRIPTION OF THE
PREFERRED METHODS AND EMBODIMENTS

Beams of energetic 1ons, electrically charged atoms or
molecules accelerated through high voltages under vacuum,
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are widely utilized to form semiconductor device junctions,
to smooth surfaces by sputtering, and to enhance the prop-
erties of thin films. Gas cluster 1ons are formed from large
numbers of weakly bound atoms or molecules sharing
common electrical charges and accelerated together through
hiech voltages to have high total energies. Cluster 1ons
disintegrate upon 1mpact and the total energy of the cluster
1s shared among the constituent atoms. Because of this
energy sharing, the atoms are individually much less ener-
getic than the case of conventional 10ns or 10ons not clustered
together and, as a result, the atoms penetrate to much shorter
depths. Surface sputtering effects are orders of magnitude
stronger than corresponding effects produced by conven-
tional 1ons, thereby making important microscale surface
patterning effects possible that are not possible in any other
way.

The concept of gas cluster 1on beam (GCIB) processing
has only emerged over the past decade. Using a GCIB {for
dry etching, cleaning, and smoothing of materials 1s known
in the art and has been described, for example, by Deguchu,
et al. 1n U.S. Pat. No. 5,814,194, “Substrate Surface Treat-
ment Method”, 1998. Because 1onized clusters containing on
the order of thousands of gas atoms or molecules may be
formed and accelerated to modest energies on the order of a
few thousands of electron volts, individual atoms or mol-
ecules 1n the clusters may each only have an average energy
on the order of a few electron volts. It 1s known from the
teachings of Yamada 1n, for example, U.S. Pat. No. 5,459,
326, that such mdividual atoms are not energetic enough to
significantly penetrate a surface to cause the residual sub-
surface damage typically associated with plasma polishing.
Nevertheless, the clusters themselves are sufficiently ener-
getic (some thousands of electron volts) to effectively etch,
smooth, or clean hard surfaces.

Because the energies of mndividual atoms within a gas
cluster 1on are very small, typically a few eV, the atoms
penetrate through only a few atomic layers, at most, of a
target surface during impact. This shallow penetration of the
impacting atoms means all of the energy carried by the entire
cluster 10n 1s consequently dissipated 1in an extremely small
volume 1n the top surface layer during a period on the order
of 107'* seconds. This is different from the case of ion
implantation which 1s normally done with conventional 10ns
and where the intent 1s to penetrate into the material,
sometimes penetrating several thousand angstroms, to pro-
duce changes i1n the surface properties of the material.
Because of the high total energy of the cluster far greater
than 1n the case of bombardment by conventional 10ns.

Reference 1s now made to FIG. 1 of the drawings which
shows the gas cluster ion beam (GCIB) processor 100 of this
invention utilized for the surface patterning of an artificial
joint component 10. Although not limited to the speciiic
components described herein, the processor 100 1s made up
of a vacuum vessel 102 which 1s divided into three com-
municating chambers, a source chamber 104, an 10nization/
acceleration chamber 106, and a processing chamber 108
which includes theremn a uniquely designed workpiece
holder 150 capable of positioning the artificial joint com-
ponent for uniform patterning by a gas cluster 1on beam.

During the patterning method of this invention, the three
chambers are evacuated to suitable operating pressures by
vacuum pumping systems 146a, 146b, and 146c¢, respec-
tively. A condensable source gas 112 (for example argon or
N2) stored in a cylinder 111 is admitted under pressure
through gas metering valve 113 and gas feed tube 114 into
stagnation chamber 116 and 1s ejected into the substantially
lower pressure vacuum through a properly shaped nozzle
110, resulting 1n a supersonic gas jet 118. Cooling, which
results from the expansion in the jet, causes a portion of the

10

15

20

25

30

35

40

45

50

55

60

65

4

gas jet 118 to condense 1nto clusters, each consisting of from
several to several thousand weakly bound atoms or mol-
ecules. A gas skimmer aperture 120 partially separates the
gas molecules that have not condensed 1nto a cluster jet from
the cluster jet so as to minimize pressure 1n the downstream
regions where such higher pressures would be detrimental
(e.g., 1onizer 122, high voltage electrodes 126, and process
chamber 108). Suitable dioxide, and oxygen.

After the supersonic gas jet 118 containing gas clusters
has been formed, the clusters are 1onized 1n an 1onizer 122.
The 1onmizer 122 1s typically an electron impact 1onizer that
produces thermoelectrons from one or more mcandescent
filaments 124 and accelerates and directs the electrons
causing them to collide with the gas clusters 1n the gas jet
118, where the jet passes through the 1onizer 122. The
clectron 1impact ejects electrons from the clusters, causing a
portion the clusters to become positively 1onized. A set of
suitably biased high voltage eclectrodes 126 extracts the
cluster 1ons from the ionizer 122, forming a beam, then
accelerates the cluster ions to a desired energy (typically
from 1 keV to several tens of ke V) and focuses them to form
a GCIB 128 having an 1nitial trajectory 154. Filament power
supply 136 provides voltage V. to heat the 1onizer filament
124. Anode power supply 134 provides voltage V, to
accelerate thermoelectrons emitted from filament 124 to
cause them to bombard the cluster containing gas jet 118 to
produce 10ns. Extraction power supply 138 provides voltage
V.. to bias a high voltage electrode to extract 1ons from the
lonizing region of 1onizer 122 and to form a GCIB 128.
Accelerator power supply 140 provides voltage V , - to bias
a high voltage electrode with respect to the 1onizer 122 so as
to result in a total GCIB acceleration energy equal to V-
electron volts (¢V). One or more lens power supplies (142
and 144, for example) may be provided to bias high voltage

electrodes with potentials (V,; and V,, for example) to
focus the GCIB 128.

A medical device such as an artificial joint component 10
(shown in FIG. 1 as an held on a workpiece holder 150,
disposed 1n the path of the GCIB 128. In order for the
uniform patterning of the joint component 10 to take place,
the workpiece holder 150 is designed 1n a manner set forth
below to appropriately manipulate the joint component 10.

Referring also to FIG. 2, the artificial joint surfaces that
are non-planar, that 1s, may be of a spherical or cup-like
conflguration, must remain oriented within a specific angle
tolerance with respect to the normal beam incidence to
obtain paramount patterning of the joint surfaces utilizing
GCIB. This requires a joint fixture or workpiece holder 150
with the ability to be fully articulated to orient all non-planar
surfaces to be modified within that angle tolerance at a
constant exposure level for process optimization and uni-
formity. Any artificial joint component 10 containing sur-
faces that would be exposed to the process beam at angles
of greater than +/-15 degrees from normal incidence
requires manipulation. More specifically, when patterning
an artificial joint component 10, the workpiece holder 150 1s
rotated and articulated by a mechanism 152 located at the
end of the GCIB processor 100. The articulation/rotation
mechanism 152 preferably permits 360 degrees of device
rotation about longitudinal axis 154 and sufficient device
articulation about an axis 155 perpendicular to axis 154 to
maintain the artificial joint surface to within +/-15 degrees
from normal beam incidence.

Preferably, a diffuse beam 1s utilized when patterning the
surface of an artificial joint component. The diffuse beam
may be produced using a large beam, or under certain
conditions and depending upon the size of the artificial joint
component 10, a scanning system may be desirable to
produce the patterning desired. Although not necessary for
GCIB processing, two pairs of orthogonally oriented elec-
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trostatic scan plates 130 and 132 may be utilized to produce
a raster or other scanning pattern over an extended process-
ing arca. When such beam scanning 1s performed, a scan
generator 156 provides X-axis and Y-axis scanning signal
voltages to the pairs of scan plates 130 and 132 through lead
pairs 158 and 160 respectively. The scanning signal voltages
are commonly triangular waves of different frequencies that
cause the GCIB 128 to be converted 1nto a scanned GCIB

148, which scans the entire surface of the joint component
10.

When beam scanning over an extended region 1s not
desired, processing 1s generally confined to a region that 1s
defined by the diameter of the beam. The diameter of the
beam at the surface can be set by selecting the voltages (V, 4
and/or V, ,) of one or more lens power supplies (142 and 144
shown for example) to provide the desired beam diameter at
the workpiece.

A predetermined pattern 1s formed on a region of the
artificial joint component surface during processing by non-
uniformly 1rradiating the surface with the gas cluster ion
beam. More specifically, by presenting only certain regions
of the surface to the beam results 1n the reduction of surface
volume 1n such regions due to the sputtering or etching effect
of the impacting atoms and less reduction of surface volume
in the remaining regions. This causes height variation to
occur 1n the surface plane as the more depressed areas form
a series of channels or cavities which are capable of retain-
ing a lubricating matter. In this manner, increased lubrication
of between the contact surfaces of the artificial joimnt com-
ponents can be achieved, thereby reducing friction and wear
debris. Preferably, the majority of the height components
and the duration of the gas cluster 1on beam processing,
depths of several angstroms to several microns may be
achieved 1n the pattern. The pattern itself and the height
variations therein can be chosen depending upon the amount
of lubrication desired for the artificial joint being implanted.
Preferably, a dimpled pattern, similar to the surface of a golt
ball, 1s utilized, but a variety of patterns may be designed for
use with the present invention.

In one embodiment of the present invention, a mask 1s
utilized during the irradiation of the surface to form a
pattern. Open regions are cut 1n the mask such that when a
region of the surface i1s covered with the mask only those
portions of the surface corresponding to the open regions of
the mask are fully exposed to the beam and fully etched. In
the portions of the surface blocked by the mask, less surface
etching occurs. Alternatively, instead of open regions or 1n
combination thereof, the mask can contain regions of vary-
ing thickness, depending upon the surface pattern desired.
As the mask 1s exposed to the beam, the mask becomes
ctched. The duration of irradiation by the cluster 1on beam
can be conftrolled such that over the duration of the
processing, regions of the mask having a specific thickness
will become fully dissipated and form an aperture through
which the surface of the artificial joint component will
becomes exposed to the beam. Since these surface 1s not
exposed until after the mask region 1s etched away, these
surfaces are not etched as deeply as surfaces exposed to the
beam for the full duration of the processing. In this manner,
channels and cavities having a variety of depths can be
formed within the same pattern. The masks of the present
invention may be produced using a photo-etched metal foil
or film, a machined metal foil or film, a polymeric
photoresist, or by other materials and forms of patterned
masks known from the mask-etching arts. Such a mask 1is
clffective when either placed in contact with the surface to be
patterned or placed in proximity to the surface to be masked.

As the atomic force microscope (AFM) images shown in
FIGS. 3, 4 and 5 demonstrate, it 1s possible to pattern the
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surface on artificial joint components 10 utilizing the present
invention. FIG. 3 shows a component 10 surface composed
of cobalt-chrome after mnitial GCIB processing with no
patterning. The component 10 surface may be patterned with
or without this initial processing step, though 1nitial GCIB
processing 1s preferred. FIGS. 4 and 5 show a surface after
further GCIB processing where the surface has had a pattern
applied without any measurable physical or structural
change to the integrity of the material itself. In the embodi-
ment shown 1in FIGS. 4 and 5, a woven wire screen having
approximately 0.2 mm diameter tantalum wire with an
approximately 1.2 mmx1.2 mm mesh pitch 1s used for the
mask. The post-GCIB pattern was applied to a depth of
approximately 25 angstroms.

As an added benefit, due to the capability of gas cluster
ion beam processing to effectively smooth the surface layer
of a material, the patterning process itself results in a
smoothing of the patterned surface without degrading the
pattern formed therein.

Artificial joints generally comprise at least two mtermov-
able components having contacting surfaces in order to
mimic the movement of the natural joint. Patterning, as
described above, may be utilized on one or more of these
surfaces depending upon the amount of lubrication retention
desired. Lubricating material may be deposited at the inter-
face of the contacting surfaces and 1nto any patterns etched
thereon during assembly and implantation of the artificial
joint or subsequent to 1mplantation. Alternatively, the arti-
ficial joint components may be 1implanted and as body fluids
form such fluids may naturally be introduced 1nto the pattern
after implantation where the fluids will become contained
within the channels and cavities of the pattern to provide
lubrication for the artificial joint components.

Although the 1nvention has been described with respect to
various embodiments, 1t should be realized this invention 1s
also capable of a wide variety of further and other embodi-
ments within the spirit and scope of the invention.

What 1s claimed 1s:

1. A method for modifying a surface of an artificial joint
component by gas cluster 1on beam processing comprising
the steps of:

forming an gas cluster 1on beam 1n a vacuum chamber;
accelerating the gas cluster 1on beam;

positioning the surface 1n the vacuum chamber 1n the path
of the gas cluster 1on beam for processing; and

non-uniformly 1rradiating the surface with the gas cluster

ion beam to form a pattern in the surface.

2. The method of claim 1 wherein the pattern comprises
height variations for retaining a lubricant.

3. The method of claim 2 wherein the lubricant 1s a body
fuid.

4. The method of claim 1 wherein a mask 1s placed on or
in proximity to the surface during the irradiation step to
control irradiation patterning, the mask having apertures,
thickness variations, or a combination thereof forming a
pattern thereon affecting surface modification by the gas
cluster 1on beam 1rradiation.

5. The method of claim 4 wherein the mask 1s a metal foil
or film.

6. The method of claim 1 further comprising the step of:

focusing or collimating the gas cluster 1on beam to a
predetermined small diameter; and

wherein the non-uniform irradiation step 1s performed by
controllably positioning the surface relative to the small
diameter gas cluster 1on beam.
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